The corrosion and corrosion inhibition of high strength low alloy (HSLA) steel after 10 min and 60 min immersion in 2.0 M H 2 SO 4 solution by 3-amino-1,2,4-triazole (ATA) were reported. Several electrochemical techniques along with scanning electron microscopy (SEM) and energy dispersive X-ray (EDS) were employed. Electrochemical impedance spectroscopy indicated that the increase of immersion time from 10 min to 60 min significantly decreased both the solution and polarization resistance for the steel in the sulfuric acid solution. The increase of immersion time increased the anodic, cathodic, and corrosion currents, while it decreased the polarization resistance as indicated by the potentiodynamic polarization measurements. The addition of 1.0 mM ATA remarkably decreased the corrosion of the steel and this effect was found to increase with increasing its concentration to 5.0 mM. SEM and EDS investigations confirmed that the inhibition of the HSLA steel in the 2.0 M H 2 SO 4 solutions is achieved via the adsorption of the ATA molecules onto the steel protecting its surface from being dissolved easily.
Introduction
High strength low alloy (HSLA) steels are designed to provide better mechanical properties and/or greater resistance to atmospheric corrosion than conventional carbon steels in the normal sense because they are designed to meet specific mechanical properties rather than a chemical composition [1] . HSLA steels have been widely used in many applications in industry; these include gun barrel, food sterilization, sintering of components from powders, hypersonic wind tunnels, power generation, and water jet cutting [1, 2] . There is a great economical incentive in developing methods and materials to alleviate corrosion, which comes only from a good understanding of the mechanisms and processes involved in this complex phenomenon [3, 4] .
Acid solutions are widely used in many applications, such as acid pickling, industrial acid cleaning, acid descaling, and oil well acidizing [5] . Due to the corrosivity of acid solutions, corrosion inhibitors are commonly added to their solutions in order to reduce their aggressive attack on the structure to be protected [5] [6] [7] [8] [9] [10] . Inhibitors are generally used in this process to control the metal dissolution as well as acid consumption [5] . It has been reported [11] [12] [13] [14] [15] [16] that organic compounds containing polar groups including nitrogen, sulfur, and oxygen and heterocyclic compounds with polar functional groups and conjugated double bonds have been known to be good corrosion inhibitors. The inhibiting action of these compounds is usually attributed to their interactions with the metal via their adsorption onto the surface. However, the adsorption of an inhibitor on a metal surface depends on the nature and the surface charge of the metal, the adsorption mode, its chemical structure, and the type of the electrolyte solution [17] .
In the present work, we reported the effect of immersion time, namely, 10 min and 60 min, on the electrochemical corrosion behavior of the HSLA steel in 2.0 M sulfuric acid solutions. The effect of adding different concentrations of 3-amino-1,2,4-triazole (ATA) on the inhibition of this steel after the different exposure periods in the acid solution was also reported. The experimental part of this study was carried out using open-circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization measurements. Characterization of the surface of the steel after its immersion in the acid solution alone and in the acid solution containing ATA molecules was performed using scanning electron microscopy (SEM) and energy dispersive X-ray (EDS) analyses.
Experimental Details

Chemicals and Electrochemical
Cell. 3-Amino-1,2,4-triazole (ATA, Sigma-Aldrich, 95%), sulfuric acid (H 2 SO 4 , Merck, 96%), absolute ethanol (C 2 H 5 OH, Merck, 99.9%), and acetone (C 3 H 6 O, Merck, 99.0%) were used as received. The HSLA steel electrode with a square shape and surface dimensions of 1 × 1 cm was employed for the electrochemical tests. The chemical composition of the employed ultrahigh strength steel (in wt.%) was as follows: C = 0.0309, Si = 0.177, Mn = 0.201, P = 0.007, Cr = 1.553, Mo = 0.617, Ni = 3.208, Nb = 0.002, Al = 0.006, Cu = 0.098, Co = 0.011, B = 0.001, V = 0.223, Sn = 0.002, and N = 0.017, and the balance (∼93.566) was Fe. A conventional electrochemical cell accommodating only 200 mL with a three-electrode configuration was used. The three electrodes were the steel rod, platinum foil, and an Ag/AgCl electrode (in 3.0 M KCl) and were used as working, counter, and reference electrodes, respectively. The working electrode for electrochemical measurements was prepared by attaching an insulated copper wire to one face of the sample using an aluminum conducting tape and cold mounted in resin. The surface of the steel electrode to be exposed to the solution was first ground successively with metallographic emery paper of increasing fineness of up to 600 grits and further with 5, 1, 0.5, and 0.3 m alumina slurries (Buehler). The electrode was then washed with doubly distilled water, degreased with acetone, washed using doubly distilled water again, and finally dried with tissue paper.
Electrochemical
Measurements. An Autolab Potentiostat (PGSTAT20 computer controlled) operated by the General Purpose Electrochemical Software (GPES) version 4.9 was used to perform the electrochemical experiments. The opencircuit potential (OCP) curves obtained for the steel electrode in sulfuric acid in the absence and presence of ATA were done for 60 min. The electrochemical impedance spectroscopy (EIS) tests were performed at corrosion potentials over a frequency range of 100 kHz to 100 mHz, with an AC wave of ±5 mV peak-to-peak overlaid on a DC bias potential, and the impedance data were collected using Powersine software at a rate of 10 points per decade change in frequency. The potentiodynamic polarization curves were obtained by scanning the potential in the forward direction from −1.0 V to −0.2 V versus Ag/AgCl at a scan rate of 0.001 V/s. Each experiment was carried out using fresh steel surface and new portion of the sulfuric acid solution in the absence and the presence of the ATA molecules. All electrochemical experiments were carried out at room temperature.
SEM and EDS Investigations.
The SEM images were obtained by using a JEOL model JSM-6610LV (Japanese made) scanning electron microscope with an energy dispersive X-ray analyzer attached for acquiring the EDS analysis. Figure 1 shows the OCP curves of the steel electrode in aerated stagnant 2.0 M H 2 SO 4 solutions in the absence (1) and presence (2) of 1.0 mM and (3) 5.0 mM ATA, respectively. It is seen that the potential of the steel in the sulfuric acid solution without inhibitor (curve 1) increased towards the more negative values in the first 300 s of the steel immersion as a result of the dissolution of a preoxide film via the aggressiveness action of the acid solution. The potential then shifted again in the less negative direction through another 300 s before stabilizing a slight shift in the same direction with time till the end of the run.
Results and Discussion
Open-Circuit Potential (OCP) Measurements.
The addition of 1.0 mM ATA (curve 2) showed almost the same behavior but with a positive shift in the absolute potential, which indicates that ATA molecules at this concentration have an ability to decrease the severity of the acid solution. Increasing ATA concentration to 5.0 mM (curve 3) presented more positive shifts in the absolute potential of the steel for the whole time of the experiment. The change of OCP with time measurements thus indicated that the presence of ATA molecules decreases the aggressiveness action of H 2 SO 4 by shifting its potential in the less negative direction and this effect was found to increase with increase of the concentration of ATA. 
SEM and EDS Investigations.
In order to investigate the effect of H 2 SO 4 in the absence and presence of ATA molecules on the corrosion of the HSLA steel, SEM micrograph and EDS profile analysis were carried out. Figure 2 shows the SEM micrographs obtained for the HSLA steel after 24 h immersion in 2.0 M H 2 SO 4 solutions, (a) without ATA and (b) with 5.0 mM ATA present, and (c) EDS profile analysis corresponding to the surface shown in Figure 2 (b), respectively. The SEM micrograph, shown in Figure 2 (a), shows a total deterioration for the surface of steel, which was due to the aggressiveness attack of the sulfuric acid solution. The EDS profile analysis taken for the steel at this condition [7] indicated that its surface has the main alloying elements, in addition to the presence of carbon, sulfur, and oxygen. The presence of C, O, and S was due to the effect of sulfuric acid solutions as well as the exposure of the steel surface to air after removing it from the acid solution.
On the other hand, the SEM micrograph shown in Figure 2 (b) proved that the surface of the steel is covered with a homogeneous layer of the adsorbed ATA molecules. This was confirmed by the EDS profile analysis shown in Figure 2 (c), where the atomic percentages of the elements found on the steel surface were 5.44% C, 0.93% N, 53.65% O, 7.34% S, 0.69% V, 2.49% Cr, 0.77% Ni, 0.12% Cu, and 28.58% Fe. The presence of nitrogen in the analysis confirms that the ATA molecules are included in the layer present on the surface. The presence of very high amount of Cr compared to that originally present in the steel, in addition to the very high percent of oxygen, indicates that the surface is also passivated through the formation of chromium oxide layer along with the adsorbed layer of the ATA molecules. Moreover, the presence of very low amounts of Fe and Ni reveals that the formed ATA layer is thick and is homogenously distributed on the surface. Another proof for the ability of the ATA molecules to inhibit the HSLA steel corrosion in the sulfuric acid test solution was the black color of the solution which did not have any ATA compound and was due to the severe dissolution of the steel, while the color of the acid solution containing 5.0 mM ATA was clear and unchanged even after 24 h of the steel immersion. It has been reported [9, [18] [19] [20] that the inhibition of metal corrosion by using similar compounds to ATA is achieved by the adsorption of their molecules onto the metal surface preventing it from being attacked by corrosive media.
Electrochemical Impedance Spectroscopy (EIS) Measurements.
It has been reported [10, [20] [21] [22] that EIS is a powerful method in understanding the corrosion and corrosion inhibition for different metals and alloys in aggressive environments. In this work, we employed the EIS experiments to obtain the kinetic parameters for the steel/sulfuric acid solution interface after different exposure periods. In order to report the effect of immersion time on the corrosion of the HSLA steel in 2.0 M H 2 SO 4 solution, the EIS measurements were conducted after (1) 10 min and (2) 60 min immersion and the Nyquist spectra were plotted, respectively, as shown in Figure 3 . It is clearly seen that the steel in the acid solution shows only one distorted semicircle whose diameter got smaller with the increase of immersion time from 10 min to 60 min. This indicates that the increase of the time of immersion increases the dissolution of steel in sulfuric acid solution through decreasing its corrosion resistance. This was confirmed by fitting the EIS data to the best equivalent circuit model, which is shown in Figure 4 . This equivalent circuit model was also used to fit the EIS data obtained from studying the corrosion and corrosion inhibition of maraging steel in different sulfuric acid solutions [7, 9] . The parameters of the used circuit can be defined according to usual convention as follows:
represents the solution resistance, is the constant phase elements (CPEs), 1 is the polarization resistance for the solution/steel interface and can be defined as the charge transfer resistance [23] , 2 is another polarization resistance for the corrosion product/steel interface, and is the inductance. The values of these parameters are listed in Table 1 . It is also seen from Table 1 that the values of , 1 , 2 , and decrease, while the value of (CPEs) increases by the increase of immersion time from 10 min to 60 min for the HSLA steel in 2.0 M H 2 SO 4 solutions. This is due to the corrosiveness action of the sulfuric acid solution that continuously attacks the surface of the steel and lowers its probability to develop oxide layers or corrosion products and that effect increases with increasing time of contact between the acid and the steel.
The EIS measurements were also employed to report the effect of ATA molecules on the inhibition of the HSLA steel in 2.0 M H 2 SO 4 solutions. Figure 5 shows the Nyquist plots obtained for the steel after 10 min immersion in the acid solution that contains (1) 0.0, (2) 1.0, and (3) 5.0 mM ATA, respectively. Similar plots were also obtained for the HSLA steel after its immersion in the acid solution in the absence and presence of ATA for 60 min and the curves are shown in Figure 6 . The equivalent circuit shown in Figure 4 was also used to represent the best fitting for the data presented in efficiency (IE%) are listed in Table 1 . The values of IE% were calculated according to the following equation [18] :
where in and O are polarization resistance of the HSLA steel in the sulfuric acid solution in the presence and absence of ATA molecules, respectively.
It is clearly seen from Figure 5 that the addition of 1.0 mM ATA within the sulfuric acid solution increased the diameter of the semicircle. Increasing the concentration of ATA to 5.0 mM further increased the diameter of the semicircle obtained for the steel. This indicates that the presence of ATA and the increase of its concentration decrease the corrosion of the HSLA steel after 10 min immersion in 2.0 M H 2 SO 4 solutions. It has been reported [18, 20, 24] that ATA molecules inhibit the corrosion via their adsorption onto the surface of metals (such as iron [20] and copper [18, 24] ) and the ability of ATA as a corrosion inhibitor increases with the increase of its concentration. This agrees with the current results as indicated by the parameters recorded in Table 1 , where the values of , 1 , 2 , and as well as IE% increased with the increase of ATA concentration.
It is obvious from Figure 6 for the steel after 60 min in the acid solution without and with ATA present that the presence of 1.0 mM ATA decreased the aggressiveness action of the sulfuric acid solution by increasing its corrosion resistance. This was revealed by increasing the diameter of the semicircle obtained for the steel in the presence of 1.0 mM ATA compared to its diameter in the blank solution. Further increasing the ATA concentration to 5.0 mM produced further increase in the diameter of the semicircle after 60 min. Table 1 also confirmed that the presence of ATA and the increase of its concentration increased the values of , 1 , 2 , and . The increase of , 1 , and 2 in the presence of ATA and with the increase of its content indicates that ATA molecules have the ability to increase the solution and corrosion resistance of the HSLA steel surface and that effect increases with increasing ATA concentration in the acid solution. The values of CPEs with their n values close to unity represent double layer capacitors decreased in the presence of ATA and with the increase of its content, which was expected to cover up the charged surfaces [23] . Moreover, the values of IE% were found to increase not only with increasing concentration of ATA from 1.0 mM to 5.0 mM but also with increasing the immersion time as can be seen from Table 1 . The outcome of the EIS experiments proves that ATA can be employed to mitigate the corrosion of the HSLA steel in 2.0 M H 2 SO 4 solutions and its ability as a good corrosion inhibitor increases with the increase of its concentration as well as the increase of the time of immersion before measurement.
Potentiodynamic Polarization Measurements.
The effect of increasing the immersion time on the dissolution of the HSLA steel in 2.0 M H 2 SO 4 solutions was investigated using potentiodynamic polarization measurements. The potentiodynamic polarization curves obtained for HSLA steel after its immersion in 2.0 M H 2 SO 4 solutions for (1) 10 min and (2) 60 min are shown in Figure 7 . The corrosion potential ( Corr ), corrosion current density ( Corr ), cathodic ( c) and anodic ( a) Tafel slopes, polarization resistance ( ), and corrosion rate ( Corr ) that were obtained from polarization curves are listed in Table 2 . The values of these parameters were obtained as previously reported [17] [18] [19] [20] [21] . It is clearly seen from Figure 7 and Table 2 that the increase of immersion time increases the values of Corr , cathodic and anodic currents, and Corr , while it decreases the values of . This was due to the continuous dissolution of the HSLA steel under the harsh attack of the concentrated solution of the sulfuric acid, which does not allow the surface of steel to form protective layers and/or corrosion products. At this condition, the cathodic reaction for the steel in the sulfuric acid solution has been reported to be the hydrogen evolution reaction as follows [7, 9, 25] :
On the other hand, the anodic reaction of the HSLA steel is the dissolution of its iron according to the following equation [7, 9] :
The resulting ferrous cations (Fe 2+ ) are not stable and oxidize to ferric cations (Fe 3+ ) as follows:
The severity of these reactions increases with increase of the immersion time, which could lead to the increased dissolution of steel and also explain the increased currents and corrosion rate with increasing the time of immersion. In order to evaluate the effect of ATA as a corrosion inhibitor after the different stated exposure intervals, the potentiodynamic polarization measurements were also carried out. Figure 8 shows the potentiodynamic polarization curves obtained for the HSLA steel after its immersion in 6 Journal of Chemistry 2.0 M H 2 SO 4 solutions for 10 min in (1) the absence and the presence of (2) 1.0 mM and (3) 5.0 mM ATA, respectively. In order to study the effect of immersion time on the efficiency of ATA molecules, the polarization measurements were performed after 60 min and the curves are shown in Figure 9 . The values of the parameters obtained from Figures  8 and 9 as well as the calculated values of IE% are also listed in Table 2 . The values of IE% were obtained from the polarization data according to the following equation [9, 17, 18] :
where Corr and o Corr are the corrosion current densities in the absence and presence of ATA molecules, respectively.
The addition of 1.0 mM ATA within the acid solution after all immersion periods of time remarkably decreased the anodic, cathodic, and corrosion currents. The data listed in Table 2 also indicated that the values of Corr and Corr decreased, while the value of increased in the presence of 1.0 mM ATA compared to those recorded in its absence. This was perhaps due to the ability of ATA molecules to be adsorbed onto the steel surface, where the adsorption of 
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ATA molecules onto the steel results in the formation of a protective layer that in turn not only isolates the surface but also blocks its active sites and thus precludes the corrosion of the steel in the corrosive 2.0 M sulfuric acid solution. It is also seen that the increase of ATA concentration to 5.0 mM greatly decreased the values of Corr and Corr and pronouncedly increased the value of , particularly when the immersion time was increasing. This means that the increase of ATA concentration increases the adsorption probability of its molecules, which increases the efficiency of the formed layers in protecting the steel surface from being corroded easily. This was also indicated by the increase of the values of IE% with the increase of ATA concentration as listed in Table 2 .
Although the corrosion of the HSLA steel increased with increasing the immersion time in 2.0 M H 2 SO 4 solutions in the absence of ATA molecules, the corrosion of the steel was found to significantly decrease with the increase of immersion time in the presence of ATA and with the increase of its concentration. The increased corrosion of the HSLA steel in the absence of ATA was due to the rapid and harsh attack of the acid molecules toward the steel that makes its surface fresh, active, and dissolvable. On the other hand, the presence of ATA and the increase of its concentration strongly decrease the corrosion of the steel with increasing the immersion time as a result of decreasing the values of anodic and cathodic currents, Corr and Corr , and increasing the values of . The decrease of the anodic and cathodic currents in the presence of ATA and with the increase of its concentration confirm that ATA is a mixed type corrosion inhibitor. The decrease of steel corrosion with time in the presence of ATA is due to the thickening of the adsorbed ATA layers onto the steel surface, which makes it more protected and precludes its dissolution. This was also confirmed by the large increase in IE% values with the increase of immersion time (see Table 2 ). The results obtained from the potentiodynamic polarization measurements therefore confirm those ones obtained by the EIS experiments and that the corrosion of HSLA steel increases with increasing the immersion time in the sulfuric acid solutions. It is also agreed that the addition of 1.0 mM ATA decreases the corrosion of steel and that effect increases with increasing both the concentration of ATA to 5.0 mM and the time of immersion from 10 min to 60 min.
Conclusions
The corrosion and corrosion control of HSLA steel in 2.0 M H 2 SO 4 solutions using ATA as a corrosion inhibitor after different exposure intervals were reported. Electrochemical measurements indicated that the increase of immersion time from 10 min to 60 min increased the corrosion of the HSLA steel in the sulfuric acid solutions. On the other hand, the presence of ATA and the increase of its concentration were found to provide good corrosion inhibition and that effect increased with increasing the immersion time. This was confirmed by the increase of the polarization and solution resistance as well as the decrease of the anodic, cathodic, and corrosion currents, which in turn decreased the corrosion rate of HSLA in the acid medium. Moreover, the calculated value of the inhibition efficiency, IE%, was found to remarkably increase with increasing both ATA concentration and immersion time. Results collectively were in good agreement with each other showing clearly that the corrosion of HSLA steel increases with time and also ATA is a good mixed corrosion inhibitor due to the adsorption of its molecules onto the steel surface.
